Multilevel recording in Bi-deficient Pt/BFO/SRO heterostructures based on ferroelectric resistive switching targeting high-density information storage in nonvolatile memories Ferroelectric materials with their electrically switchable spontaneous polarization have proven to be very effective in tuning the charge transport properties at a ferroelectric/metal interface.
1-14 A potential advantage over other mechanisms triggering the resistive switching (RS) is related to an intrinsic property of the material (ferroelectricity) rather than to extrinsic defects such as oxygen vacancies, whose concentration strongly depends on the particular features of the material. In addition, ferroelectric RS-based memories allow the possibility of non-destructive polarization state reading as compared with conventional ferroelectric RAMs (Fe-RAM) for which the read-out process deletes the stored logic state.
Multiferroic BiFeO 3 (BFO) displays interesting properties such as robust ferroelectricity 15 and small band gap 16 in comparison with other ferroelectric materials, ranging from 2.2 to 2.8 eV. The narrow band gap provides a relatively small Schottky barrier height at the metal/BFO contact that can be easily modulated by the large polarization charge of BFO (around 100 lC/cm 2 at room temperature along the [111] direction). Remarkably, this property has been used in Au/BFO/Pt capacitors, which show robust multilevel resistance states after irradiation of BFO with low-energy Ar þ ions. 17 Recently, it has been reported that the performance of RS devices could be improved by controlling the amount of defect charges in BFO films. Specifically, the control of electronic transport by polarization reversal in a Bi-deficient Pt/BFO/SrRuO 3 (SRO) heterostructure epitaxially grown on a SrTiO 3 (STO) substrate was demonstrated, 18, 19 showing endurance of >10 5 cycles and data retention of >10 5 s at room temperature. 18 The Bi deficiency d increases the valence of Fe ions and confers a p-type character to the Bi 1Àd FeO 3 films. Our recent study on piezoresponse force microscope (PFM) in the Bi-deficient BFO devices demonstrated that the devices show the PFM phase hysteresis loops which well agree with the pulsed-voltage-induced RS hysteresis loops. 20 This result clearly indicates the ferroelectric origin of the RS, although the possibility of oxygen vacancies cannot be absolutely excluded.
In this paper, we further report on the tunability of the ferroelectric RS effect observed at a rectifying Pt/Bi 1Àd FeO 3 interface. Here, the Bi 1Àd FeO 3 film behaves as a p-type semiconductor acting as the switching element. Its conductivity, as well as the depletion layer width associated with the formation of a Schottky-like barrier, can be controlled by changing the Bi deficiency concentration d. Remarkably, this structure does not require electroforming, which is advantageous respect to conventional RS in metal oxides.
The samples consisted in Au/Pt/BFO/SRO layered structures on SrTiO 3 (001) single-crystal substrates ( Fig. 1(a) ). A 50 nm-thick SRO bottom electrode was grown on the substrate prior to a 100 nm-thick BFO layer obtained by pulsed laser deposition (PLD). As revealed by X-ray diffraction measurements, both BFO and SRO layers were confirmed to be epitaxially grown on the SrTiO 3 substrates. An Au(100 nm)/Pt(10 nm) top electrode was deposited on the BFO layer through a shadow mask (pad size of 100 lm Â 100 lm) by using electron-beam evaporation. In order to control the Bi content, the BFO films were deposited from source targets with controlled Bi/Fe ratio. In our experiments we focused on devices with the Bi/Fe ratio of 0.76 (60.05) estimated by inductively coupled plasma atomic emission spectroscopy. Details about the fabrication and characterization of such Bi-deficient BFO films, together with a confirmation of ferroelectricity of the conductive BFO layers by a PFM, can be found in Ref. 18 .
Current-voltage (I-V) characteristics were measured at room temperature using an Agilent 4155C semiconductor parameter analyzer. In all the measurements, the top electrode was grounded and ramped voltages were applied to the bottom electrode (SRO). A typical I-V curve is shown in conductive BFO. The potential profile of the barrier is reversibly modified by the polarization reversal. 18 Interestingly, the rectifying I-V characteristic inherently includes the functionality of the selector, i.e., a suitable rectifying element for avoiding crosstalk in crossbar patterned memory arrays. 21, 22 I-V measurements are shown to be repeatable upon several cycles without significant modification (Fig. 1(b) , blue line). Measurements under illumination conditions were also performed. The increase of the measured current under light conditions respect to dark conditions, especially in the lowcurrent regime at negative bias, corroborates the semiconductive nature of the BFO film (Fig. 2) .
Next, we report on the RS tunability of the devices. First, we performed a series of double-voltage sweep ramps as -3 -> SET, where the SET voltage has been progressively increased from 2 to 3.5 V. As seen in the left inset of Fig. 1(b) , the PFM phase hysteresis loop closes at a voltage between À3 V and À4 V in the negative voltage bias. The starting value of À3 V, playing the role of the RESET voltage, thus provides a practically total domain reversal, but preventing a premature breakdown of the sample. In the experiment, the application of successive SET voltages provides an effective way to produce different amounts of domain switching. In fact, the gradual increase in the PFM phase from around 2.5 V in the positive bias (the left inset of Fig. 1(b) ) supports a partial switching behavior of ferroelectric domains. The ferroelectric polarization modulates the Schottky barrier height at the Pt/Bi 1Àd FeO 3 interface yielding multilevel resistance states. For instance, a nonvolatile memory of 7 states is demonstrated in Fig. 3(a) . The resistance states were read from the backward sweep at 1 V, spanning over two orders of magnitude (see inset). A schematic band diagram of the heterostructure is sketched in Fig. 3(b) , which graphically explains the barrier height modulation mechanism induced by the ferroelectric polarization as a function of the SET voltage. This band diagram arises from the modified Meyer's model to account for the Schottky barrier at the Pt/BFO interface. 18, 23 Note that the band diagram includes interface layers (IL) formed between both contact electrodes and the BFO. The ferroelectric polarization (P) modulates the Schottky barrier height at the Pt/BFO interface, while the BFO/SRO interface behaves as an ohmic contact. Full downward and upward polarizations, shown as black and red arrows, respectively, produce either the low resistance or high resistance states, respectively. Multilevel resistance states can be prepared by inducing partial polarizations of the BFO shown as blue and green arrows. Because of the smaller Schottky barrier height at the valence band, estimated 18 to be less than 0.9 eV, as compared with the conduction band, the current is carried by holes, flowing from the SRO electrode to the Pt electrode.
Next, we performed a series of double-voltage sweeps as 5 -> RESET, where the RESET voltage was programmed to be 0,À1,À2,À3, and À4, sequentially, while reading the resistance state along the forward sweep at 1 V. The results are shown in Fig. 4 . A full RESET of the I-V characteristic is observed upon application of a bias down to À3 V, corresponding to the HRS. A partial RESET is observed if the RESET voltage is greater than À3 V. The strength of the RESET voltage can be used to tune the RS, so different memory states can be stored in a single device. Remarkably, it is feasible writing an arbitrary state without previously erasing the current state, which is certainly of utmost importance for fast memory operation. This can be seen by means of an experiment consisting of sequentially programming the states at 1V, 2 V, 3 V, 4 V, and 5 V, and then reading at 1 V during the forward sweep, without resetting the memory between states. A similar experiment was done but programming non-ordered states at 2 V, 5 V, 3 V, and 4 V, instead, and again reading at 1 V while performing the backward sweep. The resulting I-V characteristics are shown in Figs. 5(a) and 5(b) , respectively. The inset shows the resistance states at the reading voltage.
Tunability of resistance states is also possible by defining a set of compliance currents (CCs) (Fig. 6) , allowing to induce different amount of polarization in the BFO film. Here a double-voltage sweep as -4 -> 5 V was applied to the sample under test combined with compliance currents of 10 nA, 100 nA, 1 lA, 10 lA, and 0.1 A, respectively. Interestingly, we found a significant difference respect to the voltage controlled experiment shown in Fig. 3(a) . When the backward sweep is performed the current remains constant at the compliance level over an extra voltage beyond V* (see Fig. 6 ), producing a resistance state lower than it would correspond in a voltage controlled experiment with a SET voltage equal to V*. Here V* is defined as the crossing voltage between the forward and backward characteristics. Such DV increases with the strength of the compliance as shown in the inset. According to Lee et al., 24 the observation of multilevel RS could arise from the tuning of the speed of polarization switching by limiting the current flowing through the device. Setting an upper limit on the current, the speed of polarization switching can be exactly controlled, being the amount of the switched polarization proportional to the compliance current. Thus, by limiting the current, both control of the speed and amount of the polarization switching, would allow creating resistance states with any polarization value. However, this interpretation is limited to cases in which the displacement current dominates the whole conduction process. Additionally, this picture complicates even further because of the possible occurrence of the Maxwell-Wagner instability in dielectric stacks. 25 In summary, we have demonstrated multilevel tunability of resistance states of Bi deficient Pt/BFO/SRO heterostructures by using either the SET, RESET voltage, or the current compliance as well. We suggest that the mechanism behind is that of Schottky barrier height modulation provided by the fine level of control for the relative proportion of up and down domains, which is the basis for a multilevel storage ferroelectric nonvolatile memory. 
